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ABSTRACT
Aims. The aim of this paper is to understand the formation of the O i line at 7772 Å in the solar chromosphere.
Methods. We used SST/CRISP observations to observe O i 7772 Å in several places around the solar limb. We compared the obser-
vations with synthetic spectra calculated with the RH code in the one-dimension spherical geometry mode. New accurate hydrogen
collisional rates were included for the RH calculations.
Results. The observations reveal a dark gap in the lower chromosphere, which is caused by variations in the line opacity as shown by
our models. The lower level of the 7772 Å transition is populated by a downward cascade from the continuum. We study the effect
of Lyman-β pumping and hydrogen collisions between the triplet and quintet system in O i . Both have a small but non-negligible
influence on the line intensity.
Key words. solar physics – chromosphere
1. Introduction
The infrared (IR) triplet lines of O i (7771.9, 7774.2 and
7775.4 Å) are the most studied spectral lines of neutral oxy-
gen in solar-type stars. It has been clear since the work of Al-
trock (1968) that these lines are formed under non-local thermo-
dynamic equilibrium (non-LTE) conditions in the solar photo-
sphere. The photospheric line formation has been investigated in
many studies in a stellar context with the aim of gathering oxy-
gen abundance measurements, for example Amarsi et al. (2016)
and references in there.
An early off-limb observation of the IR triplet was made in
1928 by W.H. Babcock (Abetti 1957), thus showing that there is
some chromospheric emission from it; something noted also by
(Pierce 1968).
Since there are a limited number of chromospheric lines
which can be observed with ground-based instruments, it is use-
ful to try to better understand the formation of the O i 7772 Å
emission as a chromospheric diagnostic. This requires detailed
modelling of the line-formation processes. In the solar chromo-
sphere, the density drops and the collisional rates decrease as
compared to the photosphere. Thus strong non-LTE effects are
expected for the off-limb emission.
Athay & House (1962) and Athay & Judge (1995) used the
eclipse flash spectrum to look for non-LTE effects. The coinci-
dence of the Lyβ line and the O i 1027 Å resonance lines (Skel-
ton & Shine 1982) has stimulated interest because the oxygen
line is expected to be pumped by Lyβ. The modelling efforts of
Carlsson & Judge (1993) were primarily directed towards the
UV resonance lines and Lin & Carlsson (2015) concentrated on
the 1356 Å intercombination line.
Penn (1999) made spectroscopic off-limb observations (from
1500 km to 5000 km above the limb) of the IR triplet and the IR
doublet at 8445 Å. From the intensity ratios he concluded that
the lines are formed via electron collisional excitation, provided
the emission originates from optically thin gas.
Brickhouse & Landman (1987) use the 7772 Å line to study
a quiescent prominence with a seven-level model atom and find
that the line is temperature sensitive for temperatures around
7000 K because of collisional excitation from the ground state.
The goal of this paper is to improve the understanding of
the line-formation processes of O i 7772 Å in the solar chro-
mosphere. Our strategy is to use an imaging spectrometer to ac-
quire very high-spatial-resolution observations of the off-limb
emission and compare those to the results of non-LTE spectral
modelling in spherical geometry.
In Sect. 2 we describe the observations, in Sect. 3 we present
our observational results, and in Sect. 4 we outline the simulation
setup. Sect. 5 discusses the comparison between simulations and
observations. In Sect. 6 we explain the line formation processes
and their driving mechanisms.
2. Observations
The data used in this work were recorded during the period
of October 19-21, 2013 using the CRisp Imaging SpectroPo-
larimeter (CRISP, Scharmer et al. 2008) at the Swedish 1-m So-
lar Telescope (SST, Scharmer et al. 2003). CRISP takes quasi-
simultaneous images of the Sun at different wavelengths.
The image scale at 7772 Å is 0′′.061 per pixel which results in
a field of view of 62′′. The frame rate was 36.5 Hz, which gives
an exposure time per frame of 17 ms.
These data are non-polarimetric, that is, the liquid-crystal re-
tarders were not cycled, and the scanning sequence consisted of
25 line positions (Fig. 1) giving a cadence of about four seconds.
This is short enough to observe high-speed changes in the solar
chromosphere.
The CRISPRED pipeline (de la Cruz Rodríguez et al. 2015)
was used for the data reduction. Image reconstruction was made
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Fig. 1: Average line profile of O i 7772 Å from the FTS atlas
(Neckel & Labs 1984). The symbols represent the positions that
we sampled with SST/CRISP.
Fig. 2: Examples of chromospheric features that can be observed
off-limb in O i 7772 Å line core , (left) surge, (top right) a
weak prominence (bottom right) active region spicules. Radial
enhancement of the intensity has been applied to the images to
increase the visibility of off-limb structures. The two right-hand
images have also been brightness clipped to further enhance the
visibility.
with MOMFBD (van Noort et al. 2005). In the near infrared,
backscattered light in the CCD produces an imprint of an elec-
tronic circuit pattern in the image. The procedure for correcting
for this effect (de la Cruz Rodríguez et al. 2013) was included
in the reduction pipeline. Still, some traces of this pattern are
visible on parts of the reduced frames where the solar signal is
weak.
3. Observational results
Off-limb emission in the line core of O i 7772 Å is discernible
around the whole limb. It is stronger in and close to active re-
gions. Figure 2 illustrates different structures that can be seen
at this wavelength: A surge, spicules close to an active region,
and a quiet prominence. All these off-limb images have been en-
hanced by a radial filter similar to that applied by Pereira et al.
(2014).
In order to investigate the origin of the emission and its di-
agnostic potential, in the following we concentrate on an image
of the quiet solar limb shown in Fig. 3. The left panel shows the
continuum image at 810 mÅ from the line centre. The central
panel is the line core image and the right panel is the same im-
age scaled to highlight the off-limb emission (while saturating
the disc).
The line-core images of Fig. 3 show a dark gap between the
limb and a point of maximum intensity of the off-limb emission.
This dark gap can be seen in line-core images almost everywhere
along the limb.
We feel confident that the dark gaps are not caused by in-
strumental effects nor are they artifacts from the image recon-
struction. They can be seen in non-reconstructed but flat-fielded
images. Dark gaps appear at different locations along the solar
limb whenever the seeing is sufficiently good.
For the quantitative analysis in the following, we have cho-
sen a part of the limb where the dark gap is most obvious, where
there are no superpositions from spicules, and there is no visible
circuit pattern caused by detector back-scattering. The red arrow
in Fig. 3 indicates its position.
4. Modelling
4.1. Radiative transfer code
For modelling the off-limb emission, we used the RH code
(Uitenbroek 2001) in its spherical geometry version. This code
can solve non-LTE radiative transfer problems and can treat
spectral lines using partial redistribution. It has also the possi-
bility to solve the radiative transfer calculations for several el-
ements simultaneously. This is relevant in the case of oxygen
which has been suspected for a long time to be affected by hy-
drogen due to the coincidence of wavelength between the O i
resonance line at 1025 Å and Lyβ, (see Lin & Carlsson 2015,
and references in that paper).
Therefore hydrogen was treated in non-LTE simultaneously
with oxygen. We discuss the effects of the coupling to hydrogen
on the formation of O i 7772 Å in Section 6.2. After some exper-
imenting, we decided to also treat silicon in non-LTE because
the Si i continuum is an important background opacity source at
relevant ultraviolet wavelengths.
The spherical geometry version of RH solves the radiative
transfer equations along various rays and synthesises the spec-
trum along each ray. The rays can pass outside the nominal solar
limb. This possibility is used here to study off-limb emission.
4.2. Atomic models
The oxygen atomic model used here is the 54-level atom with
258 transitions of Fabbian et al. (2009). In this atomic model,
electron collisions for several transitions are from the calcula-
tions by Barklem (2007). Of concern are inelastic collisions with
neutral hydrogen which in the model of Fabbian et al. (2009)
are coming from calculations by Steenbock & Holweger (1984)
Article number, page 2 of 10
H. Pazira et al.: Solar off-limb emission of the O i 7772 Å line
Fig. 3: Quiet solar limb imaged in the continuum close to O i 7772 Å line and in its line core. Left panel: continuum image (810 mÅ
from the line core). Centre panel: line core image. Right panel: line core image with intensity scaling to better show the off-limb
emission. These images have not undergone any radial enhancement as in Fig. 2. The red arrow indicates a point on the limb where
the dark gap is strong and where the radial intensity profile used to compare with modelling is extracted.
Fig. 4: Grotrian diagram of the 54-level oxygen model atom used in this work. The key levels important in the discussion of the
7772 Å off-limb emission are labelled with arabic numerals between brackets after the term label.
which in turn were based on a generalisation of the approxima-
tion of Drawin (1969) for allowed transitions. In our model we
replaced these rates with newly calculated ones kindly provided
by Dr. P. Barklem (private communication). These calculations
were made using the methods of Linear Combination of Atomic
Orbitals (Barklem 2016, LCAO). They are used for all transi-
tions between levels in the range 1-20.The atomic levels and the
radiative transitions are illustrated in Fig. 4.
For the other active species we use the model atoms that
come with the RH distribution. The H i atom has five levels plus
continuum and Si i is represented by 23 levels plus continuum.
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Fig. 5: The temperature (red) and the electron number density
for the FAL-C atmospheric model. The dashed line represents
the resulting electron number density of the final solution for the
Full model as described in the text.
Fig. 6: Observed (solid) and synthetic (dashed) intensity profiles.
The vertical and horizontal bars in the observation show the error
from binning. The line core intensity is shown in red and the
continuum intensity in black.
4.3. Atmospheric model
As the baseline atmospheric model we used FAL-C (Fontenla
et al. 1993). FAL-C is a one-dimensional (1D) semi-empirical
model that includes a chromosphere. The temperature and elec-
tron number density for this model are plotted in Fig. 5.
Although this model does not represent the inhomogeneous
and non-equilibrium nature of the real chromosphere, it should
provide a first-order description and allow identification of the
most important mechanisms involved in the formation of the off-
limb emission. In order to get a realistic treatment of the cou-
pling between oxygen and hydrogen, we also include an equa-
tion for charge conservation in our non-LTE calculations. This
means that in addition to solving the statistical equilibrium equa-
tions for hydrogen and oxygen we simultaneously solve an equa-
tion for charge conservation, including non-LTE ionisation of
hydrogen and oxygen and LTE ionisation for all other elements.
Using the electron density as specified in FAL-C leads to incon-
sistencies between the H ii (i.e, proton) density and the electron
density owing to the differences between RH and the code that
was used to compute the FAL-C model. The final electron num-
ber density (shown as a dashed line in Fig. 5) in the atmospheric
model differs somewhat from that in the original FAL-C model.
5. Comparison with observations
In order to compare the spectral modelling with our observations
we have to calibrate them in space and intensity. The first cali-
bration is to adjust the synthetic limb to the observed limb.
For the observational data we use routines described in Löf-
dahl (2016) and kindly provided by Dr. M. Löfdahl. These are
applied on the continuum image to find the disc-centre direc-
tion and the limb position. This, together with the known image
scale, gives an (x, y) or (r, φ) coordinate pair for each pixel. The
portion of the original image around the point where we want to
extract the radial intensity profile is then interpolated on an (r, φ)
grid that is equidistant in r with a pixel spacing of 47 km. This is
then used to produce the radial intensity profile in Fig. 6. The in-
flection point of the synthetic continuum intensity profile is used
to define the zero-point for the model output. In the following,
height in the solar atmosphere and distance above the solar limb
have this point as their origin.
The second calibration is to adjust the intensity. First we con-
volve the synthetic spectra with a Gaussian function with the
full with at half maximum (FWHM) of the CRISP spectral in-
strumental profile, which is 0.096 Å at 777.1 nm (de la Cruz
Rodríguez et al. 2015). Then we choose a point 350 km inside
the solar disc that is present both in the observations and in the
synthetic spectra and adjust the observed intensities so that the
two have the same continuum intensity value at this point. The
calibration is illustrated in Fig. 6.
The model results shown in Fig. 6 use the FAL-C atmo-
spheric model, the 54-level oxygen atom, the 6-level hydrogen
atom, and the 24-level silicon atom. In the following we refer
to this setup as the Full model, which is used as a reference for
comparison with our other numerical experiments.
The observational curves in Fig. 6 come from the region at
the solar limb that is indicated on the third panel of Fig. 3. This
region clearly shows a dark gap.
The main result of the comparison is that the general shape
of the observed and simulated intensity curves are the same. We
are able to reproduce the dark gap in the line core and the off-
limb emission quite well with this 1D model. The deviations are
qualitatively explained by the finite resolution and stray light in
the observations. For a quantitative comparison between obser-
vation and model, we can calculate the ratio of intensities at the
position of maximum off-limb emission (ME) to the minimum in
the dark gap (DG) for both observation and the convolved syn-
thetic spectrum. As it is shown in Eq. 1 and 2, the ratios are very
close together.
Iobs(DG)
Iobs(ME)
= 0.94 (1)
Isim(DG)
Isim(ME)
= 0.95 (2)
In the following we analyse the model in detail in order to
understand the mechanisms behind the emission and the reason
for the dark gap.
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6. Understanding the model
In order to understand the nature of the off-limb emission, we
have plotted the contribution function to intensity CI and its as-
sociated variables in Fig. 7. They are related to the emerging
intensity I according to Eq. 3:
I =
∫
CI ds =
∫
χ S e−τ ds (3)
where χ is the extinction coefficient, S is source function, τ
the optical depth, and s the geometrical distance.
Panels (a), (b), (c), (d), and (e) show the source function, the
extinction coefficient, the optical depth, exp(−τ) and the contri-
bution function respectively. The black curves represent the ray
passing through the observed dark gap towards the observer and
the red curves show the ray that is passing through the point
where the observed off-limb emission has its local maximum
outside the dark gap. Figure 8 is a sketch illustrating the geome-
try of the two rays.
Panel (a) of Fig. 7 shows that the source function is almost
constant along both paths and that it is almost identical for the
two cases. In contrast, the extinction coefficient shows a clear
difference between the two rays. The black curve representing
the ray passing the dark gap, shows a strong dip as it passes
closest to the solar disk. The optical depth is the extinction co-
efficient integrated along the line of sight. Panel (c) shows the
optical depth for the two rays. The dip in opacity experienced
by the dark-gap ray makes the total optical depth along that
ray smaller than for the maximum-intensity ray – even though
its geometrical path length is longer and it has a larger maxi-
mum in the contribution function (panel (e)). For two homoge-
neous slabs with constant and equal source functions, we expect
the relation between outgoing monochromatic intensities to be
I1/I2 = (1−e−τ1 )/(1−e−τ2 ). In our case, panel (c) in Fig. 7 shows
that τ1 = 1.93 and τ2 = 2.25 giving I1/I2 = IDG/IME = 0.95
which is equal to the value from the Full model calculation.
In summary, the off-limb optical depth in the dark gap at
the line core of O i 7772 is of the order of unity and its line
source function is more or less constant over the relevant inter-
val. Therefore it is primarily variations in opacity that cause vari-
ations in the observed intensity.
In the following we discuss the processes that control the
populations of the levels involved in the line.
6.1. Line emission mechanism
To better understand how the off-limb emission is formed, we
discuss the behaviour of the black curves in Fig. 9. These curves
represent monochromatic quantities in the Full model as a func-
tion of vertical height with the zero-point corresponding to
the apparent limb in the continuum as defined in Sect. 5. The
coloured curves are perturbations of the model that will be dis-
cussed later. The panels show the intensity (a), tangential optical
depth (b), opacity (c) and line source function (d).
A comparison between panels (a-c) shows that the intensity,
the tangential optical depth and the opacity have the same gen-
eral shape, vindicating the view that it is mainly the opacity that
modulates the off-limb intensity. A small shift between the opac-
ity and optical depth curves is explained by the spherical geom-
etry – a ray passing through the opacity maximum when closest
to the surface will pass through higher layers with lower opacity
for the rest of its path.
Panel (d) of Fig. 9 shows the line source function. The dashed
line in this plot is the mean intensity as averaged over the line
profile (J¯) for the Full model. The line source function is close
to J¯ and displays the same behaviour with height. We interpret
this as a continuation of the well-known photospheric behaviour
of this line source function, where it is essentially a two-level-
atom source function S L = (1 − ε)J¯ + εBν.
At these heights the collisional contribution (εB) is very
small. Thus we can regard the line source function as a two-
level-atom source function, being dominated by scattering, with
some perturbation in the form of an additional emissivity. J¯ is
approximately constant with height over the region of interest.
This reinforces the view that it is the opacity that needs to be
understood and we use the remainder this section to discuss how
level 5, the lower level of the 7772 Å line, becomes populated.
We firstly note that collisional excitation from the ground
state is unlikely to be important for populating the excited levels.
LTE level populations (which is what we would get if collisions
were dominating) are far below the results from our Full model.
Panels (a-c) of Fig. 11 display net rates for transitions and
groups of transitions that populate (positive values) or depop-
ulate (negative values) level 5. Remember that we are mainly
concerned with the height around 500 km where the ray of the
maximum emission passes. Fig. 10 visualises the net rates for
that height in the shape of arrows where the arrow head signifies
the direction of the net rate and the colour signals its absolute
value.
Inspection of the plots shows that level 5 is populated by
radiative transitions from higher levels. The 7772 Å line is part
of a recombination flow that is enhanced by transitions from the
triplet system to higher levels of the quintet system (levels 13
and above). This also results in the increased line source function
relative to J¯ as seen in panel (d) of Fig. 11. The relative increase
is about 10%.
Level 5 is depopulated by radiative and collisional transitions
to the ground state (levels 0, 1, 2) and collisionally to excited
levels in the triplet system (levels 6, 10, 14).
Panel (d) of Fig. 11 shows rate coefficients for collisions with
electrons (unconnected symbols) and neutral hydrogen atoms
(solid lines). This is done for the same (compound) transitions
as for the net rate plots. The rates are per atom in the level 5
state. At the height of interest (around 500 km), hydrogen and
electron collisions are approximately equally important.
In our model we have the new collisional rates for hydrogen,
calculated in detail for levels up to level 20. This means that all
curves in panel (d) are computed in this way except transitions
to the continuum (black plus symbols) which retain the Drawin-
based estimate. It is interesting to note that, in the region of in-
terest around 500 km over the limb, the electron rates and hydro-
gen rates are of the same order of magnitude. The lower hydro-
gen cross-sections are compensated for by the preponderance of
hydrogen atoms over electrons. The exception is the 1356 Å in-
tersystem transition (0,1,2-5) where the hydrogen collisions are
essentially zero.
In Sect. 6.2 we look further into the role that hydrogen plays
for the relevant oxygen transmissions.
The final panel (e) of Fig. 11 displays the upward, downward,
and net radiative rates in the 7772 Å transition. We see that the
net rate is small compared to the upward and downward rates.
This shows that the line is mainly scattering radiation from the
photosphere.
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6.2. Effects of coupling with hydrogen
The O i radiative transfer problem couples with hydrogen in in-
teresting ways that are worthy of a separate discussion.
In the current study, we can divide the effects of hydrogen
into three main processes: Charge transfer between neutral oxy-
gen and ionised hydrogen, Lyβ pumping/suction, and inelastic
collisions involving neutral hydrogen atoms.
We investigate the importance of these processes on the
formation of the 7772 Å off-limb emission through numerical
experiments. The results of these are represented by coloured
curves in Fig. 9 where they are compared with the results from
the Full model.
The close correspondence between the ionisation potential of
oxygen (13.62 eV) and hydrogen (13.60 eV) makes collisional
charge transfer between them likely. The result is that the ionisa-
tion ratio of oxygen is strongly coupled to that of hydrogen. Field
& Steigman (1971) showed that in the limit of detailed balance
the ionisation ratios of oxygen and hydrogen are given by
n(O)
n(O+)
=
9
8
n(H)
n(H+)
(4)
The modelling of Carlsson & Judge (1993) found this to be
the case in the solar atmosphere. Our modelling did not achieve
this ratio unless we updated both the electron and the proton
density so that everything was consistent. That is one reason why
we chose to treat hydrogen as an active species together with
oxygen (and silicon).
The purple curves in Fig. 9 show what happens when the
charge-transfer transitions are removed from the model. The ef-
fect is that the recombination cascade dries up, leading to a de-
crease in the population of level 5 and thus the line opacity. The
source function increases somewhat due to the weakening of the
photospheric absorption line (leading to increasing J¯), but this is
not enough to dominate over the opacity effect.
To examine the effect of Lyβ on the formation of this line, we
remove the Lyβ radiative transition from our hydrogen atom. In
order to keep the hydrogen populations at the correct values, we
insert the values from the Full model in our atmosphere model
and run hydrogen as a background element. The green curve in
Fig. 9 shows the results when Lyβ pumping is turned off.
The result is that the off-limb intensity decreases by about
10% as the line opacity also decreases.
The coupling between the triplet and quintet systems is of
interest because it determines how effectively the Lyβ pumping
is transmitted to the quintet levels. Removing the hydrogen col-
lisions between the triplet and quintet levels results in the orange
curves in Fig. 9. This perturbation gives only a small decrease
in the level 5 population and thus the line opacity. The effect is
stronger on the photospheric line which gets stronger, causing a
depression of the line source function in higher layers by lower-
ing J¯ there.
We note that the new rates for hydrogen collisions signifi-
cantly decrease the coupling between the excited levels of the
triplet and quintet system. When using collisional rates calcu-
lated with the Drawins recipe, the importance of the Lyβ pump-
ing on the triplet system is much greater. For the current study of
off-limb emission, this is the most important impact of the new
rates.
6.3. Dependence on atmospheric structure
To explore the effects of atmospheric structure on the off-limb
emission, we repeat the same calculation with different atmo-
spheric models from the FAL family (Fontenla et al. 1993). The
results are plotted in Fig. 12.
Panel (d) of this figure shows the temperature structure of the
models. The plots have been treated in exactly the same way as
for the FAL-C model so that the limb position has been individ-
ually adjusted.
FAL-F represents bright network elements and has higher
temperatures than FAL-C. Here we can see that the dark gap
completely disappears as the line becomes optically thick. The
off-limb emission is also boosted by the fact that the effective
formation height moves upwards where the source function is
greater.
FAL-A is a little cooler than FAL-C. The decreased opacity
leads to lower emission.
MCO (Gu et al. 1997) is made to fit observations of infrared
CO lines and has much lower temperatures than FAL-C. The
opacity and the tangential τ in this model stay close to zero and
so does the off-limb emission.
This range of models shows how the observed variations in
intensity and clarity of the dark gap is well within the range of
reasonable variations of atmospheric structure.
Lin & Carlsson (2015) explain how the intensity of the
1356 Å line emission is proportional to the square of the electron
density – an effect of the recombination cascade being depen-
dent on the proton density through the charge-transfer coupling
between oxygen and hydrogen and the importance of recombina-
tion. This emission is formed under optically thin conditions at a
somewhat greater height than when the 7772 Å emission peaks.
The upper level of the 1356 Å line is our level 5 which sets the
opacity in the 7772 Å line. While the maximum of the 7772 Å
off-limb emission is predicted to be formed lower than that of
1356 Å, the difference is about 350 km in our model, we expect
that the situation is similar. Thus we can expect that the 7772 Å
line opacity also will vary as the square of the electron density,
at least approximately. The dark gap does indeed correspond to
the minimum of ne corresponding to the temperature minimum.
7. Conclusions
We have found that the spatial structures seen in the off-limb
emission of the 7772 Å line – notably the dark gap – are formed
by opacity variations.
We find that the lower level population and thus the opacity is
mainly regulated through recombination cascades from O ii. The
O ii population in turn is slaved to the H ii population through
charge transfer.
The 7772 Å line is mainly scattering the photospheric ra-
diation and so the line source function is rather constant over
the region of interest. We propose that this view is valid also for
structures that are not present in our 1D modelling but are visible
in the observational data: Spicules, prominences, and surges.
The dark gap frequently seen over the solar limb is formed
by the decrease in line opacity where the temperature and the hy-
drogen ionisation degree (and thus the oxygen ionisation degree)
reach a minimum. One may say that when we are looking at the
dark gap, we are actually seeing the temperature minimum.
The success of our modelling using the 1D FAL-C atmo-
spheric model shows that this approach can be used to identify
the relevant physical processes.
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While the emission features of 1356 Å and 7772 Å are ex-
pected to form at somewhat different heights, simultaneous ob-
servations of the two lines would be an interesting consistency
check on this and other modelling efforts.
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Fig. 7: Formation of the dark gap. The black curves show values
for a ray that gives rise to the dark gap while the red curve rep-
resents the maximum off-limb emission. Panels, from top to bot-
tom: source function, extinction coefficient, radial optical depth
τ, e−τ, and the contribution function CI , all as functions of ge-
ometrical length along the ray. The dashed lines connect points
with the same geometric vertical height in the atmosphere.
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Fig. 8: This sketch shows the radial opacity and where the red
and black rays go through the atmosphere. Colour-coding as in
Fig. 7.
Fig. 9: The Full model in FAL-C (black lines) compared with re-
sults where the atomic processes involving hydrogen have been
perturbed. (a) Monochromatic intensity at line core, (b) tangen-
tial τ, (c) opacity, and (d) monochromatic line source function.
The dashed line in panel (d) shows the mean intensity J¯ for the
Full model and the dotted line represents the Planck function.
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H. Pazira et al.: Solar off-limb emission of the O i 7772 Å line
Fig. 10: Net rates visualised in the term diagram for the maxi-
mum off-limb opacity height. The colours of the arrows indicate
the logarithm of the absolute value of the net rate with light blue
the lowest rates and dark purple the highest net rates.
Fig. 11: Panels from top to bottom represent (a) net rates, (b)
radiative net rates, and (c) collisional net rates. Panel (d) shows
the collisional rate per atom in level 5 with hydrogen collisions
being represented by connected symbols. Panel (e) displays the
7772 Å line’s downward rate in solid, upward rate with symbols
and the net rate with the dashed line.
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Fig. 12: Similar plots as in Fig. 9 (but with temperature instead
of line source function) for different atmospheric models.
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